Abstract. Parts of assembly are mainly fixed and connected by bolts. The performance of the assembly can be affected by the dynamic characteristics of the bolted joints. Report focuses on designing a test bench by parameter analysis and achieving the dynamic analysis of the bolted joint. In the first part, the eigenfrequency of a simple single beam with different size parameters are analyzed with NASTRAN and the complex model of the bolted joint are analyzed. After that the effects of different parameters on the eigenfrequency are obtained and a bolted joint test bench is designed with CATIA. In the second part, a model specimen is made. The material of bolts is changed to compare the dynamic response with different preloads using Polytec Scanning Vibrometer. At last, the comparisons between experimental results and numerical simulation are obtained.
INTRODUCTION
Bolted joints are still the dominant fastening mechanism used in joining of primary structural parts for metallic structures. Many companies from many industrial fields focus on lightweight constructions in order to save weight and energy. The complex behavior of connecting elements plays an important role in the overall dynamic characteristics, such as natural frequencies, mode shapes, and non-linear response characteristics to external excitations. The joint represents a discontinuity in the structure and results in high stresses that often initiate joint failure [1] . Design and test techniques relating to the static strength and to the gross dynamic responses of such structures are highly developed and have long been used throughout the aircraft industry [2] . To mount an assembly (assembly = bolt + washer + nut), it is essential to apply adequate tightening torque. This torque creates tension in the bolt which keeps the elements in contact. There are some studies about influence of tightening torque on the global behavior and on the failure mode of the bolted joint [3] . Mechanical joints can have a significant effect on the dynamics of structures that contain them. Accurate prediction of dynamic response of assembled structures to external excitation often hinges on efficacious modelling of the effect of the joint on structural behavior [4] . The stresses and slip in the vicinity of contact regions determine the static strength, cyclic plasticity, frictional damping, and vibration levels associated with the structure. The need for developing methodologies for constructing predictive models of structures with joints and interfaces has recently been discussed in a white paper by Dohner [5] . In view of joint uncertainties and relaxation, energy dissipation is one of the prime factors in the value of transmitting loads from one structural element to the next connected element. The treatment of joint uncertainties may be described using the theory of fuzzy sets, which will be briefly defined and demonstrated by some examples. The dynamic analysis of non-linear structures with joint relaxation will be presented for random and sinusoidal excitations. The article will address the identification problem of linear and non-linear joints [6, 7, 8] . In view of joint uncertainties and relaxation, energy dissipation is one of the prime factors in the value of transmitting loads from one structural element to the next connected element. Basic considerations in the design of joints of composite structures are discussed by Agarwal and Broutman [9] . Kuanmin [10] researched the stiffness influential factors-based dynamic modeling and its parameter identification method of fixed joints in machine tools. Y. Song [4] presents an adjusted Iwan beam element (AIBE) for dynamic response analysis of beam structures containing joints. The adjusted Iwan model consists of a combination of springs and frictional sliders that exhibits non-linear behavior due to the stick-slip characteristic of the latter. Yongsheng Zhao [11] presents a non-linear virtual material method based on surface contact stress to describe the bolted joint for accurate dynamic performance analysis of the bolted assembly. Fractal geometry theory is used to describe the surface topography and fractal contact theory can derive the elastic modulus and shear modulus of one micro-contact.
The aim of thesis is to design a test bench bolted joint allowing to highlight the main physical phenomena operating at the joint level and having an impact on the vibrational behavior of a given bolted structure. Depending on the parameters of the model and the software simulation, a bolted joint test bench will be designed. Then the characteristics of the bolted joint will be analyzed, especially the dynamic analysis. The material and preload of the bolt will be changed to compare the different dynamic response.
THE DESIGN PROCESS OF A TEST BENCH

Characteristics of the simple beam
In this section, the flexural vibrations of a simple single beam with different size parameters are analyzed. Through the different parameter values, the regular pattern between eigenfrequency and parameter can be obtained. There is a straight beam of second moment of area with respect to y-axis. The size parameters are: L the length, b the width and h the thickness. The material properties of the beam are: E the Young's modulus, the Poisson ratio, and the density (Fig. 1) . (where ω k is the natural pulsation) and mode shape ϕ k of this beam in bending is solutions of:
(1) The natural pulsation of equation (1) is computed from:
with:
Simplification (2):
The configuration is free-free. (Fig. 2) , the appropriate dimension of beam can be determined by a given frequency range.
Characteristics of the bolted joint model
After analysis of simple beam, a complex model of the bolted joint is analyzed. When ignoring the relative movement and friction between the joint surfaces, the dynamic characteristics of the single unitary model are similar with the assembly model. In this section, the different dynamic simulations for different parameters are made. At last the effects of different parameters on the eigenfrequency are obtained. When ignoring the relative movement and friction between the joint surfaces, the dynamic characteristics of the single unitary model are similar with the assembly model. The different dynamic simulations for different parameters are made with CATIA. By changing the different parameters, we can get different results. For each parameter, I make it float up and down ten percent and obtain the different influence coefficient (Table 1) . From the table we can find that the thickness of beam (TB) and the length of middle portion (LM) make the maximum impact on the model's eigenfrequency and the diameter of bolt (DB) makes the minimal impact factor. The diameter of bolt (DB) 0.07% When ignoring the relative movement and friction between the joint surfaces, the dynamic characteristics of the single unitary model are similar with the assembly model. So a single unitary model instead of the actual specimen can be used. Geometry model is shown on Fig. 4 with CATIA. It is summarized that the thickness of beam makes the maximum impact on the model's eigenfrequency and the diameter of bolt makes the minimal impact factor. Through this analysis, the geometry can't be directly determined. But reasonable range of size can be determined by eigenfrequency. If the frequency of the dynamic response is more than 2000 Hz, the instrument can only measure. For the simulation model, the first four eigenfrequencies are less than 2000 Hz, so this size of the model is feasible for the experiment.
DYNAMIC ANALYSIS OF THE BOLTED JOINT
In the experiment, there are two parts to measure dynamic response under different preloads. Laboratory equipment contains strain gauge and Polytec Scanning Vibrometer. First, the strain gauge is inside the bolt and the bolt material is aluminum. Second, the material of bolt is changed to steel. By changing different preloads, the results of different experiments can be compared.
Aluminum bolt experiment
In this part, in order to compare the experimental data, a software simulation and the local preload analysis are made. Then the specimen experiment of the bolted joint is made. To obtain more accurate results, two sets of experiments are conducted and the eigenfrequencies with different preloads are compared.
The geometry of experimental model is as follow (Fig. 5) . Only the nut and washer are steel, others are all aluminum. The mesh type is OCTREE Tetrahedron Mesh. Because the minimum thickness of the specimen is very small, in order to obtain accurate results, the size of mesh is selected a smaller value which is 1mm. The number of nodes is 74679 and the number of elements is 312984. In order to obtain the preload of every bolt, aluminum bolts are used and each bolt has an axial strain gauge (Fig. 6 ). Gauge length is 3 mm, gauge resist is 120±0.3Ω and gauge factor is 2.14. Strain values for each bolt can be measured by strain gauge and the internal preload can be calculated. The screw section area A screw and the elastic modulus E bolt . It can be measured the axial compressive strain value ϵ axial with the strain gauge. The axial stress σ axial is obtained by:
σ axial =E bolt •ϵ axial F axial is the axial applied load: F axial =σ axial •A screw FIGURE 6. Specimen and strain gauge. By the above formula and changing the value of strain gauge, the different preloads can be got (Table 2) . The specimen is fixed at one end, on the other end, a magnet is glued. The coil allows us to impose the exciting force on the magnet (Fig. 7) .
FIGURE 7.
Vibrating portion and experimental equipment. Vibration test instrument is Polytec Scanning Vibrometer PSV-300, which comprises an optical scanning head incorporating the laser interferometer sensor, beam steering optics and a video camera. Data from the scanning head are processed by the OFV-3001 vibrometer controller. A Windows NT workstation is responsible for scan point definition, data acquisition and control of the entire system. After select the frequency bands and presentation of data, we can export the graphical results with different preloads (Fig. 8 and Table 3 ). From the frequency diagram, we can summarize that the eigenfrequency increase with the preload. The first eigenfrequency changes slightly and the growth rate is 3.7%, the second eigenfrequency changes significantly and the growth rate is 9.64%. Compared with the CATIA simulation, experimental data are close to the theoretical values. For the aluminum bolt, when the preload is more than 2000 N, the eigenfrequency increase rapidly. Besides, it can find a special frequency between the second and third frequency. Mainly due to the fixed end can't be completely clamped and magnet position is not exactly on the center line.
Steel bolt experiment
In this experiment, the material and length of bolt are changed. Steel bolt as the picture shows (Fig. 9) . Gauge length is 3 mm, gauge resist is 120±0.3Ω and gauge factor is 2.06 and a hole is bored at the head of the bolt. The diameter of the bolt is still 8 mm. Another way is used to fix the end of specimen and change the fixed form of electromagnetic coil. (Fig. 11) . FIGURE 11. Eigenshape summary graph. In order to be more sensitive to large differences and relatively insensitive to small differences in the mode shapes, the original Modal Assurance Criterion (MAC) is used. The MAC considers only modal shapes which mean that a separate frequency comparison must be used in conjunction with the MAC values to determine the correlated mode pairs. It is bounded between 0 and 1, with 1 indicating fully consistent mode shapes. A value near 0 indicates that the modes are not consistent. The basic formula is as follow:
Five experiments are conducted and each of the two modes are compared. The color plot is utilized to present magnitude data ( Fig. 12) with MATLAB. 
CONCLUSION
This article is mainly divided into two parts. In the first part, we analyzed the eigenfrequency of a simple single beam with different size parameters. In the second part, two different experiments are conducted. The first one is aluminum bolt and the second is steel bolt.  The eigenfrequency exhibits a linear shape increase with the increase of the parameter. It is summarized that the thickness of beam makes the maximum impact on the model's eigenfrequency and the diameter of bolt makes the minimal impact factor.  From the frequency diagram, it is summarized that the eigenfrequency increase with the preload. Compared these three experiments, the eigenfrequency of aluminum bolt is bigger than steel bolt and the eigenfrequency of steel bolt is bigger than the steel bolt with measured cylinder at the same preload.  For the two different types of bolted joints, the first eigenfrequency has the smallest change, the second eigenfrequency changes most significantly and the growth rate is about 9.4%.  By comparison software simulation and experimental results, the eigenshapes of the first three flexural vibrations are very similar and the vibration trend is the same. By means of the MAC, the main diagonal values are approximately 1 and values of the rest position are approximately 0.4. So these modes of different preloads' experiments are not consistent. The test bench will allow us to obtain numerical and experimental analysis; it can be used for characterizing uncertainties in bolted joints. Moreover, it is possible to study the vibration of bolted joints when the boundary conditions are all free. Besides, the quasi-static analysis will be made and the friction between surfaces should be analyzed.
